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1'he reaction bet1veen Ce(IV) salt solutions and EDrrA 
solution was :follovJed ti trirnetrically and spectrophoto-
metrically and ~ound to occur in stages. Four equivalents 
o:f Ce(IV) are reduced per mole o:f EDTA almost instantaneously 
at room temperature or even lower. With increasing 
temperature and reaction time an ultimate of· about 14 
equiv9.lents of: Ce(IV) is consumed per rnole o:f EDTA. 
Formt:t.l d ehyde, carbon dioxide, and other unidentif'ied 
corr.pounds are the :products of" oxidation of' ED'rA with Ce(IV). 
rrhe kinetics ot• the reaction in aqueous sul~uric acid 
(0.09- 2.95 H) ~..Jas studied over the temperature range 
11.7-40° by a spectrophotometric technique. In the region 
o:f concentrations workable in UV spectrophotometry 
(lo-5 -- 10-l~ M Ce(IV)), and where one moJ.e o:f EDTA 
reduces :four moles o:f Ce(IV), the reaction is rirst order 
in each reactant and shows variable dependence on the 
concen Jcration oi· hydrogen ions. rrhe reaction rate is a 
· t b t 1 11·1 G{+l max:t mu_m a a ou :._ L: _J and decreases on either side. 
Only below unit molar concentration of'· H+ a Ce(IV)-EDTA 
complex is observed to :form and decay. The observed 
rates can be described by the rate expression 
where n varies f'rorn about +2.5 to -2.5. The experimenta~ 
energy or activation over a JO o range in· 6 M[:H~ is 17.6 
+ 0.2 k cal/mole. 
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The study o~ Ce(IV) oxidations of organic compounds 
bas beco~e increasingly important in the past ~ew years. 
However, there are only a few reports in the literature 
on the oxidation o~ amino or polyaminocarboxylic acids 
by Ce(IV) or by other oxidizing agents. We have, therefore, 
initiated an extensive program to study the kinetics and 
mechanisms of oxidation of polyaminocarboxylic acids 
con:,monly used as chelating agents. This work is primarily 
devoted to an investigation of the Ce(IV)-EDTA (ethylene-
dinitrilotetraacetic acid) system. Preliminary 
observations with permanganate and with other chelating 
agents are also reported. 
I<:JYrA is knm.·m to form complexes with trivalent 
lanthanides, and such complexes have been the subject of 
1-3 
de ta iled investigations On the other hand, very 
little is known about complexes with Ce(IV). It was 
4 
observed in this laboratory, .four years ago , that Ce(IV) 
lR.C. Vickery, J. Chern. Soc., 1895 (1952). 
2E.G. ·Hheelwright, F.H. Speeding and G. SchvJarzenbach, 
J. /lm. Chern. Soc. , 7 r::::,, 4196 ( 19 '53) • 
-- ;;;::::::=::;:: 
3G. Schwarzenbach, R. Gut, and G. Anderegg, Helv. Chirn. 
~eta, 37, 937 {1954). 
,. -
4R.D. Mitchell, M.S. Thesis in Chemistry, U.M.R. (1964). 
2 
was ~educed rathe~ than complexed by EDTA which observation 
promp ted the present investigation. In 1965, the literature 
5 
contains a report on a Ce(IV)-EDTA complex , which ·Has 
found to be unstable, and to decompose within a :few minutes 
after its rormation to give Ce(III) and unidentified 
6 
oxidation products. Earlier, Palei and Udaltsova , 
reported on the reductive ability ot· EDTA which -v1as found 
to react with Hn(VII) in l-2 N H2 so4 solutions in the 
ratio of' 1 mole of' EDTA:8 equivalents of potassium 
permanganate. With Ce(IV), such a ratio was observed only 
6 
on heating • The :rate ot· EDTA in such oxidations was not 
revealed and the workers simply reported that the molecule 
of EDTA is destroyed in acid medium, liberating .four 
rr.oJ_ecules of' carbon dioxide. The relationship between 
the Ce (IV) consumed, the EDTA destroyed, and the co 2 
liberated in the oxidation-reduction reaction is shown 
in the diagram. 
(!) 
rl 4 0 ~ - - -·- ·· - ·---- · ---
(\J 3 0 
0 
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Moles of' Ce (IV) Consumed per Mole EDTA 
5T.R. Bhat and R. Radhe.rnma, Ind •. J. Chern.,]., 151 (1965) 
6P.N. Palei and N.I. Udaltsova, zhur. Anal.Khim. (J. Anal. 




Recently , a study o1' the stoichiometry oi" the 
reaction between EDTA and Ce(IV), in acid medium, revealed 
that 4 equivalents of' Ce(IV) are consumed per mole of the 
chelating agent, liberating about 2.5 moles of' co2 • The 
f'orrr1a tion or N ,N' -dimethyl ethylenediamine, 
H . H 
r a 
GH3-N-CH2 -cH2 -N-CH3 was reported as a reaction product, 
7 
pu ·t the yield v-ras not specif'ied • On the other hand, the 
anodic oxidation of EDTA at a potential dirf'erence or 
4-6 V between shiny platinum electrodes at a current 
strength of' 80 millia.mps was reported to give the rollowing 
8 
products af·ter J0-60 minutes : 
> 
Oxidation of" ED'rA with hydrogen peroxide at pH J-12 
9 
has also been reported • Initial products are iminodiacetic 
acid and glyoxal; 1'ormal dehyde, carbon dioxide, glycine, 
gJ_yoxalic acid, f'ormic acid and ammonia were also reported 
as degradation products t"rorn EDTA • 
. ,7H. Holzapfel and K. Dittrich, Talanta, u, j09 (1966) 
8L. Kopecka, Chem. Listy, .~ 1084 (1956) 
9J. Alary and A. Coeur, Bull. Soc. Chim. France, 2453 (1965) 
In alkaline medium, the rates of' oxidation of a 
by alkaline 1'erricyanide, 
lO 
4 
number of chelating agents 
~e ( CN) 6] ;3-, Here reported recently The ratio of" moles 
of !"erricyanide consu_rned per mole of' EDTA, calculated .from 
absorbance at 420 mp was 4.0 af'ter six hal1'-lives (EDTA 
in excess, comsurnption of' Fe(Cn) 6 3- f'ollowed spectro-
photometrically), and increased slowly thereaf'ter. 1be 
observed rate laH was -d {!e(CN) 6J 3-/dt = k 2 ~j [Fe(CN)~3-
where y4- denotes the species resulting from EDTA in an 
alkaline medium. The organic products Here reported, by 
.9 
inf'erence f'rom earlier work , to be iminodiacetic acid 
and glycollic acid. 





Ceric ammonium hexanitrate (N~) 2ce(No 3 ) 6 , eerie 
ammoniu..rn tetrasuli'ate (NBt.t) 4ce(S04 )4 •2H20, the disodiurn 
salt of' ethylenedini trilotetraacetic acid dihydrate (EDTA) 
and the inorganic acids and salts used were reagent grade 
and were used without further purirication. Solutions or 
the Ce(IV) salts were prepared by direct weighing, and 
t·or the v~ry diJ_ute solutions, by dilution of' standardized 
solutions; the primary standard used wad reagent-grade 
f'errous ammonium suJ_x•ate (Nohr' s salt, Feso4 ·(NH4 )2 so4 • 
6H2 o) and the indicator irJ"as o -phena.nthroline prepared 
according to standard procedures; · 
B. Stoichiometry 
Known volumes of' standardized solutions of' Ce(IV) 
-vmre allowed to react i:Ji th EDTA solutions under a variety 
or condition 3. 'The concentrations of'' reactants and acids 
were varied, and the e1'1'ects or such variations were studied. 
0 0 
The temp era ture vJas varied f'rom 10 C to about lOO C 
(boiling solution) and the reactions were observed f'or 
periods of' time ranging from a f'ew seconds to a f'ew days. 
rlne nur11ber of· moles of' Ce (IV) consumed per mole o1' EDTA 
was detei..,.,·min ed by titration with standard Fe (II) solution 
usin~ 9. -phenanthroline as indicator. In some experiments, 
6 
the reaction b e tvJeen EDTA and Ce(IV) was quenched by t he 
addition of' a knm-Jn excess o1' Fe (II) solution and back 
titrated with Ce(IV) solution. Where the concentrations 
allovJed, the stoichiometry Has evaluated f'rom absorbance 
measurements. In a f'ew cases, the stoichiometry was 
determined f'or the reaction betVJeen ,_..,1 H eerie am .. 'il.onium 
hexanitrate solution in water and solid. EDTA at room 
temperature. This reac t ion is qui t e vigorous; actually, 
:1. t resembJ. es the re a ction o1' c a rbonates -v-Ii th acids in t hat 
co 2 e1'1'ervesces abundantly. The amount o1' co2 evolved 
during such re a ctions was measured volumetrically using 
t h e app a r atus shown in figure I-A. At t emperature s higher 
than 8..mbient, tbe a pparatus shown in Figure I-B vJas pre1'erably 
used. 
C. Kinetics 
The rates o1' r eaction wer e f'ol lowed spectrophoto-
metrica lly a t 3l6 mr tvh e re Ce (IV), but no t EDTA, the 
medium , or t h e pro duc t s,absorbs v ery strongly ( F ig. 2). 
The absorb a nc e s 1-1e r e recor d ed a u t omatic ally by a time-
dr ive at t a chinen t on a Be c kmann DK- 2A sp e ctrophotome t e r. 
The c e lJ. s He r e plac e d in a thermo s t a te d c e l l-hol de r , a n d 
t h e t emperature vJas regulated by a ci r cula t ing Lauda 
Ul t rath ermo stat, a nd wa s main tain e d a t the d esir e d 
0 
tempera t u r e a t b e t t e r than + 0.05 c. The r e rer e n c e 
c ell con t ain e d EDTA in H2 so4 of' the same mola rity as 
Fic;ure lA. Diagram of' Apparatus f'or Measuring the 
Extent of' Decarboxylation of' Solid EDTA 
with-- l 11 C eric Ammonium Hex ani tra te 
at Room Temperature. 
A - part of' reaction f'lask containing c~0 
solid solution 
B - part of' reaction f'lask containing EDTA 
C - condenser 
D - leveling burette 
E gas burette 
F - manometer 
G - stopcock 





Figure lB. Diagram of Apparatus for Measuring the 
Extent of Decarboxylation of EDTA and of 
Other Polyaminocarboxylic Acids with 
~O.l M Ceric Ammonium Hexanitrate at 
Differ~nt Temp~ratures. 
A . - constant temperature bath 
B - reaction flask 
C - magnetic stirrer 
D - condenser 
E - gas burette 
F - manometer _ 
G - leveling burette 
H - stopcock 
I - three-way stopcock 
J - cup containing EDTA solution 
8 
,-.. 




Figure l B 
Figure 2. Spectrum of Ce(IV) in Acid Solution at 
2SQC. Lower Curve Represents Absorbance 























the reaction mixture. The reaction c ell conta in e d 3 rnl 
of' Ce (IV) solution o:f a predet;errnined mola rity in H2 so4 
or H2 so4-salt mixture of' kno \...Jn conc e n t r at ions. r.ro start 
a run, the tirne-dri ve attachment wa s s tvi t ch ed on at the 
appropriate speed (usually l inch p e r minute ), a nd 50 pl 
of' an aaueous EDTA solution of' a kno wn conc e n t r ation were 
"" 
injected in the Ce(IV) solution 1.vhich \-:a s a lready thermo-
stated in the cell compartment. TI1e plunger o:f the 
deJ.i vering m5.crol iter syringe 1-1as vrork a d up and down a 
f'ew tirles to ensure quick and t horoug h mi x ing . Separate 
trials with a solution of' a colored in dicator showed that 
mixing 1>H:3.s ef'f'i c i en t 1-vi thin one to two second s rrom 
injection time. In cases of' mode rat ely f'ast rea ctions, 
t h e recor ding pen 1r.ras puJ.led across the cha rt by a 
cons tant speed constant tork mo-tor. Uni f'orm sp eeds o1' 
about one inch per second ·Her e easily a chieved by this 
improvised device. 
The absorbance or t h e r e e.c t ion mixture at 316 mp-
wr:J.s automatically recorded with ti ro e, and 1-vi thin a f'ew 
minutes reached zero (Fig. 3)~ The p e rcentage r eaction 
vras easily calculated f'rom · the gra ph, a n d when t he values 
·Here plot t ed versus time on one-cycle s emi-log g r aph 
paper, Figure 4, straight lines were obtain e d over two 
to three half'-lives f'or Ce(IV). ~ne h a lf-lives were 
read at the 50% line and the first-order rate constants 
v-rere computed .from the equation: 
Figure 3· The Change or Absorbance of a Ce(IV)-EDTA 
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Figure 4. Semi-log Plot or Percentage Reaction 
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k1 = o.69J/t0 •5 
The EDTA 'lrJas always in such an excess that its concentration 
did not vs.ry by more than 1-2% at most when the Ce(IV) was 
a lready hs.l:L-consurned, and the second-order rate constants, 
k2, were obtained by dividing k1 by the concentration of 
EDTA in any particular run. Rate constants were reproducible 
to better than ~ 6%. 
Chapter III 
RESULTS AND DISCUSSION 
A. Stoichiometry 
14 
The reaction bet~treen Ge(IV) salt solutions and EDTA 
proceeds in stages. ~e extent of reaction was determined 
at moderate concentr•ation ranges (,....;.0.1 M) by direct 
titration .of EDTA with Ce(IV) or by adding excGss Ce(IV) 
and back titrating with Fe(II) using ~ -phenanthroline 
as indicator. In either case, it was observed that 4-5 
equiYalents of' Ce(IV) p"Br mole of EDTA vJere consumed 
a.1rnost instantaneously at room temperature. An additional 
() 
4 equivalents 1.-Jere consumed by warming to about 60 C for 
a f'ew minutes. After the reactants vrere boiled f'or 30 
minutes, a total of about 14 equivalents o1' Ce(IV) per 
mole of EDTA were consumed. Table IA shows the variation 
in the equivalence between the two reactants as a function 
of. the acid.i ty of the medium, vJhile Tables IB and IC shot..r 
the effects of' temperature and time resp e ctively on the 
stoichiometry of' the reaction under investigation. 
The reaction beb.-Jeen Ce (IV) and EDTA leads to decarboxy-
lation (at least p artial) as evi denced by the evolution of 
C02 gas in measurable quantities. The reaction betHeen 
an aqueous solution of l H eerie ammonium hexanitrate 
a nd solid EDTA is as vigorous a s the reaction of acids 
with carbonates or bicarbonates. It was noted consistently, 
in this work, that although about 4 equivalents of Ce(IV) 
15 
rrABLE I-A 
(STOICBIOMETRY OF EDTA-Ce (IV) REACTION - EFFECT OF [H+]) 
The Reaction Between 25 ml ' Ceric P..rnmonium Hexanit.rate 









Number o.f Equivalents of Ce(IV} 




4 • 20 , 4 . 1, 4 • 25, 
4.19, 4.23, 4.27 
' 
TABLE I-B 
(STOICHIO}ffiTRY OF EDTA-Ce(IV) REACTION -
EFFECT OF TEl·~PRR.ATURE) 
The Influence of Temperature on the Reaction Between 
Excess Ceric Arnmoniu.-rn Hexanitrate (0.0993 M) and EDTA 
(l ml, O.l M) in 6 N H2 so4 
16 
Temperature, ° C 
Number of Equivalents of Ce(IV) 




*Equivalents calculated from back- t itra tion with Fe(II) 
after about 0.5 hr reaction at the specified temperature. 
TABLE I-C 
(STOICHIONETRY OF EDTA-Ce(IV) REACTION -
EFFECT OF TIHE) 
Progress of' 
nitrate (25 
1 N H2 so4. 
the Reaction Between Ceric Ammonium Hexa-
ml , 0 • 0 9 8 H ) and ED TA ( L ml, 0 .1 H) i n 
Equivalents Calculated f'rom Back-Titration 











30 minutes at 
Number of" Equivalents of' Ce(IV) 
Cons~~ed per Mole of' EDTA 









boiling temperature 13.10 
* These determinations ~-rere carried out by f'ast mJ...x~ng 
of' reactants by injection, immediate quenching with 
Fe(II) solution, and back-titration with Ce(IV). 
17 
18 
are consumed per mole EDTA almost instantaneously at room 
temperature, only slightly over 2 equivalents of" co2 are 
produced simultaneously (Table II -A). In other words, 
the stoichiometry of" the almost instantaneous reaction or 




. Ce(IV) , 
4 
• . 
Even under the conditions where more than 4 equivalents 
of" Ce(IV) are reduced per mole or EDTA, the number of" 
equivalents or C02 gas evolved per mole or Ce(IV) consumed 
seldom exceeds 0.56 (Table ~I-B). 
This could probably be accounted for by the f"ollowing 
scheme of' reactions t-.rhich shows_ t_hat the oxidizing power 
of" Ce{IV) touches on centers other than the carboxylic 
+ 2Ce(IV) 
2 




€?-~c~ J + 2Ce(Iv) · 
._ .............. CH2 co2 H 2 
~H -~c~ ~ + 2Ce(III) 2 
-._CH CO H 2 2 2 
~~-;~c~ ) + H2 o ~ 
-.:..........._C:H2C0 2 H 2 
fH -if/H ) H + 2H-cr--
2 
-...._CH2 Co2 H 2 ~0 
rrhe overall reaction can be re-v.rri tten: 
EDTA -1- 4Ce(IV) ~ 2co2 + Organic Oxidation Products 
0 
At slightly elevated temperatures (60 C), and after 
one hour reaction tine between EDTA and excess Ce(IV) 
the nu~-nber or equivalents or co2 produced per mole o1' 
EDTA reached a maximum or J.4- 3.5 as sho ~.,..rn in Table II-A. 
For comparison, the results obtained under similar 
con ditions .for a variety of' chelating agents are shown 
It is interesting to note that the addition o£ 4 
equivalents of' Ce(IV) (as eerie ammonium hexanitrate in 
D2o) to EDTA had resulted in complete disappearance ot• 
the sharp and simple Nl·ffi peaks characteristic of' EDTA 
(Fig. 5 )-. 
B. Kinetics 
Guided by the variation in the stoichiometry of' the 
EDTA-Ge(IV) reaction with time and with temperature (cr. 
20 
TABLE II-A 
(EFFECT OF [H+] ON T}ill DECARBOXYLATION OF EDTA BY Ce (IV)) 
The Reaction Between Ceric Ammonium Hexanitrate (25 ml, 






Number or Equivalents or 








(STOICHIOHETRY OF THE DECARBOXYLATION OF EDTA BY Ce(IV)) 
The Reaction Bet~v-een Solid EDTA and Ceric Ammonium Hexa-
nitrate (~1 M) Solution at Room Temperature 
EDTA 



































(STOICHIOHETRY OF Ce(IV)-CHELATING AGEl~TS REACTIONS) 
The Reaction BetvJeen Different Chelating Agents (l ml, 
0.1 M) and Excess Ceric Ammonium Nitrate (25 ml, 0.1 M. · 

























-l:- Dr1 acid: hydroxyethylethylenediamine triacetic acid 
Dr.PPA: ethy:Lene triamine pentaacetic acid 
~m : d i aroino ethylcther tetraa cetic a cid 
NTA : ni trilo t ri a c eti c a cid 
fH2co2 H 
HOOC-H2C-N-CH2 -co2 H 
Figure 5. NMR Spectra of' 
(l) l M Ceric P..rnmonium Hexanitrate in n2o 
(2) 1.5 M EDTA (disodium salt) in D20 
(3) Reaction product !'rom reacting 1 m1 of' 
,...:..1 M Ceric ammonium hexanitrate in D20 
with-0.5 g EDTA (disodium salt) 
23 
4 3 2 
PPM, H1 
Fig ure 5 
1 0 
'Jl ables I-B and I-C), it was decided to look i,nto the 
kinetics or this system. Except for the initial stages 
of' the reaction, the rate or disappearance of' Ce(IV) is 
quite sloVJ as shoHn in Table I-C. Accordingly, and 
since a product study or the reaction involving l mole 
24 
of' EDTA with 4 equivalents of' Ce(IV) has already been . 
reported, it 1rras necessary to investigate the kinetics of' 
the f'irst moderately f'ast stage of reaction. At 0.1 M 
concentrations f'or reactants, the reaction was too fast 
to measure by any of' the available equipment. Fortunately, 
however, Ce(IV) is kno1m to absorb rather strongly at 
316 ~p such that a lo-4M solution in a 1-cm path cell 
shows an absorba.nce of' about one. It 1rras even more 
f'ortunate to realize that a reaction between......, 1o-4M 
Ce (IV) and .-.-lo-3:r-1 EDTA proceeds -at such a rate that it 
could be conveniently studied, at room temperature, by 
.follov.ring the decrease in absorbance at .316 mp, autorna tic ally 
recorded, with time. In this 1..vay, sampling was avoided, 
and half'-lives as small as 4-5 seconds could be recorded. 
But, f'irs_t, it was necessary to insure that in the lo1r1 
region of' concentrations, the stoichiometry of' studied 
reaction ~.;as still lEDTA:4 Ce(IV) .. vlhen 5 equivalents 
of Ce (IV) were mixed 1-ri th one mmol EDTA in the concen-
tra.tion range allov-rable in the UV, the absorbance of' the 
r eaction mixture, a f'ei..r minutes later, pointed to the 
consumption of' only 4 equivalents of Ce(IV)• 
In this kinetic study the initial concentrations of 
both reactants 1...rere varied, but to simplif'y the calculations 
of' rate constants the EDTA was al1 .. rays in such great excess 
that its concentration would have changed by 1-2% at most 
after one-half' o1' the Ce (IV) was consUl-ned (See Appendix I). 
Table IV shO'i.•Ts a summary of' the results Hhich point to a 
second-order reaction overall, first order in each component. 
Thus, 
-d ~ e (IV~ / dt = 1r2 ~e (IV~ [EDT.~ 
Since the EDTA is in great excess, the above expression 
reduces to 
-d fe(rvj ~dt = k1 ~~e(IVB 
Hhere k 1 = k 2 ·§DT~ 
Integrating, we have 
-ln[c e (Iv)J = k 1 t +canst. 
or 
-ln [ ·~ e (IV)] 0 / @e (I'V] t kl t 
which is a 1"'irst-order equation. Accordingly, one expects 
a straight line relationship between time and the concen-
tration of' Ce(IV) plotted on a semi - log graph paper. 
Figure 4 d epict s the r esults of' run nu~ber 1 . The 
half'-lif'e, to.5' read at t he so% reaction line is 
converted into k1 through the use of the relationship 
k 1 == o. 69 3/t0 .s· 
Th e second-order r ate c o n stan t , k 2 , is i n t urn c alcula t e d 
from _k1 • 
TABLE IV 
(EFFECT OF CHANGING rrHE INITIAL CONCENTRATIONS ON THE 
EDTA-C e (IV) REACTION) 
Hal:f-li ves and Reaction Rate Constants for the Reaction 
26 
Bet1-veen Ce (IV) and EDTA in 6 N H2so4; Spectrophotometrica1ly 
at 316 mu 
@e Civ}},0 ~D:~ o to.5 k2, -1 -1 H sec 
1o4M 1.03 M sec 
1.9"4 1.64 53 79.6 
1.06 1.64 55 76.8 
0.53 1.64 54 78.34 
1.64 0.82 96 87.9 
1.64 1 .. 64 50 84.45 
1.64 3.28 37 82.31 
Average....... 81.6 + 5.4 
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C. Influence of Variation or Acid Concentration 
Earlier work on the oxidation or oxalic acid with 
Ce (IV) prompted a study of the eff'ect of' changing the 
concentration of' the acid (H2so4 ) in the reaction medium. 
Since most of' the preliminary work, performed ti tri-
metrically, was best accomplished in 6 N H2S04 acid 
solution the same medium was used as a starting point. 
On lowering the acid concentration to the vicinity or 
l N H2so4, the reaction rates became progressively £'aster. 
5 
11hi s \.·Jas puzzling since a recent report in the literature , 
claimed that the rate of' the reaction was directly pro-
portional to the concentration of' hydrogen ions in 
solution. However, a closer look revealed tha·t the work 
already reported was performed at concentrations below 
l N a cid. The work :for this investie;at;ion was r epeated 
and extended :from ,-..J6 N do1-v-n to 0.2 N ~so4 • The results 
are surr..marized in Table V and shown in J:c"'lgure 6. From 
the f' igure, it is obvious that an inflexion point occurs 
at jus t about l N ac.id, with the rate decreasing as we 
increase the acid concent ration to,.._, 6 N or as we decrease 
it to 0.2 N. 
The r ate e qua t i on wh ich s ummarize s a nd a ccomo dat e s 
the above inf'ormation can, there:fo:r•e, be 1-rritten as 
-d~e (I~ /dt = k 2 [H1"[c e (IV'][EDTA] 
wh e re n varies f' rom about +2.5 to -2.5. 
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TABLE . V 
(EFFECT OF [H+] ON THE RATE OF EDTA-Ce(IV) REACTION) 
The Reaction Between Ceric Arnroonium Sulfate (1.64 x lo-4 H) 
and EDTA (1.64 ~ lo-3 M) at Different Acid Concentrations-
at 20.7°C, Spectrophotoroetrical1y at 316 mr 
[H~ ~ -1 . -1 -1 to. c:; ~sec 10 1 ,sec k 2 ,M sec 
0.2 165.0 4.2 2.56 
0.3 46.5 14.9 9.085 
0.5 11.2 61.76 37.65 
0.9 3-75 184.8 112.68 
l.O 3.72 186.29 113.59 
1.2 3.9 177.69 108.3 
1._~ 5.1 121.57 74.12 
1.7 7.68 90.23 55.01 
2.0 10.30 67.28 41.02 
3.0 15.0 46.2 28.17 
3.5 32.4 21.38 13.03 
3.6 33.9 20.52 12.51 
5.0 92.76 7-47 4.55 
5.49 122.7 5.64 3.439 
5.85 150.0 4.62 2.817 
Figure 6. The Variation in the Rate Constants for the 















moles per liter 
Figure 6 
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The sameness o:f the slope on both sides may not be 
meaning:ful and therefore no interpretations will be made 
on the observation until .further studies are conducted. 
A number o:f points should be clarif·ied before 
indulging in a discussion of the influence o.f acid con-
centration on the reductive ability o1' EDTA 't·rhen mixed 
with Ce(IV). First: EDTA is an~ -amino acid and the 
two nitrogens are basic enough to becorre protonated to 
dir:ferent degrees in difrerent acid media. The formation 
constants for the species H5EDTA+ and 
ll 
+2 -%EDTA he.ve been 
determined recently in solutions or unit ionic strength 
(NaClo4 ) and :found to be 25.1 and 0.76 respectively. In 
+ 
a solution 'Hhich is 6 11 in H , the fraction or EDTA 
present in the .forms H5EDTA+ and H6EDTA+2 is expected to 
be substantial. In such species, the reductive ability 
is re duced drastically if not totally inhibited. Second: 
If complexation between Ce(IV) and H4EDTA takes place as 
a first step towards the oxidation-reduction reaction 
which is observed, one would. expect the concentration o1· 




Actually, one would expect an inv~rse proportionality 
be t;N"eGn the concen tra ti on of' such a complex and the 4th 
pov-.rer of' the H+ ion concentration in the medium. rrhe 
llG " d • 1~n eregg;) Hel v. Chim. Acta, 22_, 2333 (1967). 
--
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f'or.rnation of' a 1:1 complex betHeen Ce (IV) and EDTA has 
5 
been reported , and has been conf'irroed in this work. 
Its morn en tary buil 0.-up (at 295 rrp) and decay vJas observed 
but only in solutions of' low acidity (..;:::::/pH2). If' 
the reaction which leads f'inelly to Ce(III) and oxidation 
products of' EDTA takes place in 2 steps: complexation 
rollowed by electron transfer, and if' the second step is 
+ catalyzed by H , one can see a possible explanation for 
the variable dependence on H+ ion concentration depicted 
in FiguJ.~e 6. ·.third: The oxidative power of' Ce(IV) 
12 
depends on the medium , particularly the acidity of' the 
l3 0 
medium The f'ormal potentials, E , o.:f Ce(IV)-Ce(III) 
couple versus satu.rated hydrogen electrode vary :from 
1.44 to 1.42 volts as the normality of H2so4 is changed 
13 . 
:from 1 to 8 Furthermore, Ce(IV) is known to exist 
14 
in difi'erent :forms in acidic solutions For exa1r.ple, 
it v-ras estimo.ted that in 2 H perchloric acid, 28;b or 
the Ce(IV) is present as aquated ce4+, the remainder 
preoorninantly as Ce(OH)3+ and as a d.imer such as (C00Ce)6+ 
15 
or (CeOCeOH)5+. From elec t rical migration experiments, 
in 0.5 to 20 N H2 so4, Ce(IV) was shovm to exist in the 
12H A L · ·t • nch · 1 " 1 · n 11 .. G r.]"· 11 B k • • aJ. ,J.nen, em1.ca .o.;..na ys1.s , .~.··1c raw- 1.1. oo 
Co., Inc., New York, N.Y., 1960, p. 378-382. 
1 3G.F. Srr .. ith and C.A. Getz, Ind. Eng. Chern., Anal. Ed.; 
l 0, 1 91 ( l 9 .38 ) • 
~ 
14 -L.J. Heidt and M.E. 
24 76 (1948). 
l5,r. J. Hardt-vick an cJ E . 
818, 828 (1951 ). 
Smith, J. Am. Chern. Soc., 70, 
~
Robertson, Can. J. Chem., 29, 
~ 
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:form o:f anionic complexes vJhich viere believed to be 
16 
Ce(OH)(so4 ) 3 3- largely In the loHer acidity regions, 
conditions are complicated by the hydrolysis o:f Ce (IV) 
to Ce '(OH)J+ ~rrhich is known to have less oxi dizing power 
17 
than C eClJ+ 1'or example 
From the previous discussion it becomes apparent 
that in changing the medium f'rom ~a. 2 to r<J6 N H2so4 
the reacting species and their concentrations undergo 
drastic changes, the combination of' ~r.rhich could r esult 
in the observed maximum rate at -.........11 N acid. 
So :far, an attempt has been made to shoH the complexity 
of' the system. Ho-vrever, it would be un1"air not to present 
a simple, even naive explanation :for maximum reaction rate 
at~ l N H.2so4. One possible explanation f'or the reversal 
in the dep e n dence of rate on [Hj is that the rea ction 
proceeds in tHO steps cqnsecutively, 
A + B ~ ~ c > p 
EDTA + Ce (IV) Complex Products 
The concentration of the 11 complex11 C v-rould be inversely 
proportional to the hydrog e n ion concentration r aised t o 
s o me po1-rer, 2, 3 or 4, depending on the EDTA species. 
If' reaction is bet1..reen Ce (IV) a nd n4EDTA, H3EDTA1 -, or 
H2 EDTA2 -, the conc e ntra t ion of' the complex should be 
inversely proportional to @+J4, {!rj3, and [!ij2 
r espectively. For v a lues of H+ <: l, the highe r t e rms 
16E.G. Jones and F.G. Sop er, J. Chem. Soc., 802 (l9J5). 
1 7F.R. Duke and C.E. Borchers, J. P~ . Chem. Soc~, 7~, 
5186 (1955 ). - -- ~ 
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Hould be even much smaller. For example :for [Hj =0.2~ 
[Hj 4=1. 6xl0- 3. On the other hand, :for [Iij =2, 
[H~4=16. So, one can see a reversal in the trend as we 
pass by [i-r-tJ =l. He recognize, hov-rever, that the explanation · 
is naive, since we have not taken into account the concen-
1- 2 trations of' the species H4EDTA, H3EDTA , and H2EDTA -
is the dii'f'erent acid media. 
D. The Inf'luence or Salts 
Studi9s of the ef'f'ect of' changing ionic strength, p, 
on rates or ionic reactions are very important in f'ormu-
18 
lating reaction mechanisms In this study, rather high 
concentrations (>l H) of' sal'ts had to be used since the 
media were already rich in ions (l-6 N H2so4 ). Under 
such conditions the classical application of' the Bronsted-
Bjerrum equation, k=k0 lozAzB\I)-' , where k 0 denotes the 
rate constant at zero ionic strength ~=0) and zA, zB 
the :formal charges on reacting species A and B, is not 
19 
justif'ied • Neverthel e ss, 1-1e conducted a f.'ew experiments 
in i•Jhich the conditions were 'kept the same except for 
variations in the salt concentrations. T'.ne results are 
summarized in Table VI, a nd depicted in Figure 7 which 
shows a negative slope o:f,........_,2 :for the log k versus ~ /<--
18s.\:l. Benson, " The Foundations of' Chemica l Kinetics", 
McGraw-Hill Book Co., Inc., New York, N.Y., 1960, p. 525 . 
19c.H. Davies in nProgress in Reaction Kinetics 11 , Ed. 
G. Porter, P e rgamon Press, London, 1960, vol. 1. 
TABLE VI 
(EFFECT OF IONIC STRENGTH ON •.r.HE EDTA-Ce (IV) REACTION) 
'The Reaction Between Ceric Ammonium Sult'ate (1.64xlo-4 H) 
and EDTA (l.64xlo-3 M) in Acid Solutions or Different -
Ionic Strengths (0.5-r1 H2 sol+ +X H NaCl04) at 21.0 C; 
















Figure 7. The Influence of' Ionic Strength on the 















plot f'or n2 so4 -NaClo4 solutions. This result, if' mean-
i ngf'ul, :may be taken to iwply that the reaction bett-Jeen 
EDTA and Ce(IV) in that acid region 0--l N) is a 
reaction betHeen t1...ro oppositely charged ions (zAzB 
36 
negative). If' the Ce(IV) reactive species is positively 
charged, the negative slope may indicate a negatively 
charged EDTA reactive species. In any event, the outcome 
of' the plot in Figure 7 should not be taken too seriously. 
At this conc e ntration range existing theories are not 
adequately substantiated or simply not justified because 
of' the assumptions involved. 
There is reason to believe, however, that the changes 
in k 2 f'or the Ce(IV)-EDTA reaction can be adequately 
explained an the basis o1' changes in the protonating 
po1..ver of' the medium as the concentration of salt is 
changed. Earlie.r work on the Hammett acidity functions, 
H0 , has shovrn that the acidity of' a medium increases vrith 
20 
increasing concentration of' added neutral salts • vie 
conf'irmed this observation in our work by measuring the 
intensity of' absorption of' a colored indicator, 
E. -nitroaniline, .the protonated .form of which is colorless, 
as a function o.f increasing salt concentrations. Figm~es 8 
and 9 shaH the absorbance o.f E_-ni troaniline in 112so4 
20 M. A. P aul, J. A~ . Chern. Soc. 76 , j2J6 (1954 ). 
~
Figure 8. Absorbance Curves o~ p-nitroaniline in 
H2S04 Solution of' Dif'~erent Concentrations. 
( l ) 0 • S' N H2 SO4 
(2) l N H2 so4 




















Figure 9. .A.bsorbance Curves for p-ni troaniline in 
H2 so4 Solutions o1' Different Concentrations. 
(l) O.l M H2S04 
(2) 0.15 :t-1 H2 so4 
(J) 0.25 M H2 so4 
(4) 0.35 }1 H2 so4 
{5) 0.45 M H2so4 
(6) 0.6 :r1 H2so4 
(7) 0.75 M H2so4 
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solutions or different strengths. Figure 10 depicts 
absorbances :for the indicator in 0.5 N H2so4_ alone 
(middle curve), in 0.5 N H2so4 + 2M NaC104 (lower curve), 
and in 0.5 N H2 so4 + 2 M (1JH4 )2so4 (upper curve). It is 
obvious that the addition or NaClo4 increases the 
protona ting po-vJer of the medium. Similar results Here 
obtained t·Ji th NaCl, KCl, KNO 3 and LiClo4• This could be 
interpreted as a result of a decrease in the amount of 
sol ve.tion of• protons in the medium due to clustering or 
the water molecules around the added salt. Schematically, 
one would expect the protonating power to increase steadily 
as you move rrom I--)>III. 
The results obtained v.Iith H2 so4-(NH) 2 so4 media can 
also be interpreted by· the decrease in the acidity of 
the medium cbserved when (NH4)2 so4 is the added salt. 
Figure 10 shows absorbance curves for R-nitroaniline 
in H SO - (NH4·: ) SO solution mixtures of a constant 2 4 2 4 
ionic strength. It is interesting to note {Figures 10 
and lJ.) that (NH4 ) 2 so 4 actually decreases the acidity of 
the medium despite the fact that it itself is a slightly 
Figure lO. Absorba nce Curves ror p-nitroaniline in 
(l) H2 so4-(NH4)2 so4 
(2) H2 so4 





















acidic salt. There is no interpretation ror this Eact 
at this time. 
E. Influence·of : Temperature 
d 
The results of varying the temperature from ll to 
0 40 C on the rates of the reaction in question are summarized 
in Table VII and an Arrhenius plot is depicted in B,igure 12. 
The Arrhenius activation energy was calculated to be 
17.6 + 0.2 k cal/mole. 
Figure ll. Absorbance Curves for p-Nitroaniline in 
H2 so4-(NH4) 2so4 Solution I-1ixtures of 
Constant Ionic Strength. 
(l) 0.1 M H2S04 - 2.9 M (NH4)2S04 
(2) 0.15 H H2so4 - 2.85 M (NH4 )2S04 
( 3) 0.25 M H2S04 - 2.75 M (NH4) 2so4 
(4) 0. 35 N H2so4 - 2.65 M (NH4 ) 2 so4 
(5) 0.45 M H2so4 - 2.55 }1 (NH4 ) 2 so4 
(6) 0.60 M H2so4 - 2.4 N (NH4) 2so4 
(7) 3 M H2S04 - 0 M (NH4)2so4 
42 





(EFFECT OF TENPERATURE ON THE ED'rA-Ce (IV) REACTION) 
The Reaction BetHe~n Ceric .f...mrnoniurn S.ulf'ate (1.64xlo-4 N) 
and EDTA (l.64xl0- M) in Acid Solution (5.85 N H2SO ) 
at Dif'f'erent Temperatures; Spectrophotometrical1y 4 


















Figure 12. The Arrhenius Plot for the Ce(IV)-EDTA 





















SUl'-UJfARY PND CONCLUSIONS 
45 
A.l though quadri valent cerium is reduced by ethylene-
rJini trilotetraacetic acid in acid medium, the reaction 
exhibits variAble stoichiorr:etry and is thus an undesirable 
reaction rrom the quAntitative an~lytical point of view. 
The stoichiometry or the Ce(IV)-EDTA reaction shows ,_-. 
~ependence on the 8Cidity of the medium, the temperature, 
an~ the length of ti~e the reactants are allowed to stay 
together. At boiling temperatures, almost 14 equivalents 
o:E' Ce(IV) are reduceo per mole of' EDTA; at room tempera t ure, 
only 4 equivalents are so reduced. Despite the variability 
in stoichiometry, the Ce(IV)-EDTA reaction of'f'ers great 
possibili ti es ror physicochemical studies. 
It is realized that the product a n alysis, reported in 
the liter8 t ure, is not comprehensive enough to allow a 
tr~nslqtion of the kine t ics presented in this work into 
a me chanism f or the oxidation of EDTA by Ce (IV). It is 
therefore recommended that the following steps be carried 
out as a continuRtion of the effort started in this work: 
1 • . A. complete product analysis corr esponding t o the 
dif'f'erent stoichiometries of the EDTA-Ce(IV) 
r eaction. 
2. A corresponoing study or the anodic oxidqtion or 
EDTA ; the use of' pol o rogr gphy would help in 
de t ermining whether the oxidation is a 
one- or two-electron process. 
46 
3- An extension or the present kinetic investig 8tion 
to s t ages or the re a ction where ~ore than 4 
equivalents or Ce(IV) are reduced per mole or 
EDTA. 
4. An extension of the present study to the other 
polyRrni nocarboxylic acids, cornrnonly used as 
chela ting agents, to investigate the possibility 
or forming st~ble Ce(IV) complexes which could 
be used in quantitative separations. 
47 
APPENDIX I 
Calculation of' percentage change in the concentration o.:r:· 
EDTA in the rate measurements carried out spectrophoto-
metrical],.y 
~TAl r~J initial 1.64 X lo-3 M 
@e(IV)] 0 = 10.6 x lo-5 N 
At t 0 • 5 , @e(IviJ - 5.3 x lo-5 M 
Equivalent amount o1' EDTA consurn.ed = 1. 32.5 x 10-5 M 
EDTA unconsumed = 1.627 x ·lo-3 M 
% change in ·EDTA when half' the @e (rvD 0 is consumed 
~= 0.81% 
\_{h e n ~ e ( IVU 0 = _5 • 3 X 10-5 11, 
% change in EDTA when half' the [ce(IVU 0 is consl.lmed 
~ 0.4% 
1:lhen [ce (Iv)] 0 = 1.6 x lo-4 M, 
% change in EDTA when hal.f the @ e (IVU 0 is consUL-ned 
:: lo22% 
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